ABSTRACT An ultralow profile, dual-wideband and low passive intermodulation (PIM) in-building ceilingmount antenna for long term evolution (LTE) distributed antenna system (DAS) application is presented. The proposed antenna was designed based on asymmetrical dipole concept having a ground plane with an inclined feeding edge to achieve wideband characteristic and reduced null radiation pattern in the azimuth plane when oriented horizontally. Various dipole and monopole design approaches are presented to give an insight into the typical elevation dipole-liked radiation pattern in the azimuth plane when oriented horizontally to achieve ultralow profile feature. The proposed antenna improves from a simple rectangular monopole to a newly innovated design with off-center feeding location and radiating elements by implementing new design features, e.g. having variation between edges of the radiator and ground plane, slots within monopole radiator and ground plane and inclination of the feeding edge of the ground plane. These additional features enable the proposed design to have a good compromise between the azimuth plane radiation pattern and impedance matching. A production-quality prototype was fabricated to ensure the best PIM performance is achievable. The performance of the prototype was measured. The antenna offers dual-wideband characteristic covering most of the LTE frequency ranges of 698-960MHz and 1350-3800MHz. The passive intermodulation levels that measured for both 700MHz and 1920MHz bands are better than -150 dBc at carrier input of 2 × 20 Watts.
I. INTRODUCTION
With the explosive growth of mobile communication systems in recent years, ultralow profile antennas for indoor distributed antenna system (DAS) have gained increased popularity due to high expectation of aesthetically pleasing profile when integrated into the ceiling design of the building. This has become a new class of requirement in which stable and highly omnidirectional radiation pattern with vertical polarization has been gradually superseded by
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Conventional wideband omnidirectional antenna developed for single-input-single-output (SISO) DAS system is mainly monopole, biconical or variations of them that may have a typical internal size of about 185mm (dia.) × 76mm (h) as shown in Fig. 1 to cover the typical frequency range of 698-960 MHz and 1710-2700 MHz. However, these type of antennas are large in size and have led into extensive study on lower profile design using shorted top hat monocone antenna [1] , complicated three patches monopole fed with coaxial with a three shorted legs coupling patch [2] , combined spiral-discone antenna [3] , complicated construction of truncated cone that loaded with three shorted coupling patches and a circular sleeve on the ground [4] and body of revolution (BOR) with a shorted parasitic ring (SPR) [5] that can achieve up to 148% bandwidth. However, the profile of all these antennas may not be low enough to have a thickness of about 7-10 mm to allow them looks flush to the ceiling.
For ultralow profile applications, design concept may have limited to printed slot and dipole antenna that oriented horizontally. Wideband, omnidirectional and horizontallypolarized designs have been reported such as circular array of eight tapered slots antenna [6] , four wideband dipoles conducted as a loop antenna with parasitic strips [7] , six tightly coupled dipole array [8] , twelve printed and tightly coupled arc dipole array with rows of parasitic arc strips and directors [9] and four arc printed dipole array with four pairs of parasitic strips [10] . Although these antennas provide reasonably good omnidirectionality but have limited bandwidth. These antennas may be viable only for the high band (1.7-3.8 GHz) due to the acceptable size. To accommodate a dipole array of frequency as low as 698 MHz, the size of the antenna becomes too large. Therefore, a single element of wideband dipole antenna like a bow tie and circular or ellipse arms have become the candidates in considering the size factor of the antenna. However, these dipoles have deep nulls in its radiation pattern when oriented horizontally. The deep nulls have been a concern for the telecommunication operator due to the higher risk of unstable connectivity or blind spots at locations covered by the nulls. The reported works for other wideband or multiband single element antennas such as asymmetrical dipole of circular shape [11] , elliptical monopole on trapezoid ground plane [12] and multiple folded radiating elements with multiband [13] are only focused on the bandwidth enhancement and its omnidirectionality for vertical polarization. There is not much attention was given on improving the deep nulls of the radiation pattern in the azimuth plane for ultralow profile antenna when it is horizontally polarized.
Other than the radiation pattern, low PIM antenna has become a necessary requirement to maximize throughput and capacity of a network in modern DAS system. Unfortunately, PIM levels are difficult to calculate, or measure and thus very little explicit documentation exists on the subject [14] . PIM generated from the non-linearities in the components' power response and is a function of many variables. Unlike VSWR, PIM is not able to be gauged purely by the components' physical characteristics. Therefore, it may be difficult to identify the PIM source and involves more detailed and careful design considerations including material selection and preparation process, assembly process, workmanship and quality of the components of the assemblies.
In this work, we analyzed the characteristics of radiation patterns for several dipole and monopole antennas. The basic dipole that has reduced null in the azimuth plane was identified and further improved with added design freedom flexibility for more optimum performance of radiation pattern and impedance matching. The proposed design is based on asymmetrical dipole concept that has offset fed monopole radiating element with offset feed location on inclined edge ground plane. Although the proposed design is not able to provide pure omnidirectional radiation pattern, it offers reduced null in the radiation pattern of the azimuth plane compared to the deep null of the typical dipole that oriented horizontally. Due to the dipole antenna characteristic, this antenna is suitable for common plaster ceiling or ceiling tiles and not for the metal or aluminium panel and aluminium backed plaster ceiling tiles. In meeting consistent low PIM requirement, the antenna design proposed simple assembly approaches and suitable material selection. It may seem to be easy to achieve a low PIM printed antenna (PCB type) but it is difficult to maintain consistency and reproducibility of low PIM level in production. A prototype was fabricated and measured.
II. ANTENNA DESIGN AND ANALYSIS

A. SIMULATION ANALYSIS OF VARIOUS DIPOLE/MONOPOLE ANTENNA DESIGNS
Four antenna designs shown in Fig. 2 are based on dipole and monopole concepts. They are denoted as Type-I to Type-IV respectively. These antennas are used to give an insight into the characteristic of the various design approaches of dipole and monopole antennas. All the designs are optimized to cover wide LTE band that includes the frequency ranges of 698-960 MHz, 1350-1550 MHz and 1690-3800 MHz. Antenna Type-I is a conventional symmetrical bow-tie dipole antenna with additional steps of two slanted edges at its feeding point to provide extra flexibility for impedance matching. Antenna Type-II uses a non-symmetrical arm approach of a bow-tie dipole antenna with a different slope of the edge between the top arm and bottom arms. Antenna Type-III is utilizing dual arms monopole radiating element fed from a flat edge ground plane. Antenna Type-IV is using a simple offset fed rectangular monopole and offsets feeding location at the ground plane. To investigate the radiation pattern characteristic, the structure of the antennas is simulated using the commercial simulation software CST microwave studio. The substrate used for these antennas is FR4 with a relative dielectric constant of 4.3 and tangent loss of 0.025.
All these antennas can be easily optimized to cover the full LTE band. Fig. 3 shows the VSWR of the dipole/monopole antennas. The bandwidth of Type-I and Type-II typically depending on the width and length of the arm as well as the gap and the slope of the edge of the arm at the feeding point. Antenna Type-III has split bands while antenna Type-I, Type-II and Type-IV offer a single wide frequency range of 698-3800MHz. Table 1 shows the dimension of these antennas. Antenna Type-III has the largest size of 130 mm × 176 mm and antenna Type-II has the smallest size. For the sake brevity, only the radiation pattern for azimuth plane is presented to avoid too many plots due to the wide bandwidth and irregular radiation patterns across the frequency range. Fig. 4 shows the azimuth planes when the antennas are oriented horizontally. Antenna Type-I shows the typical dipole radiation pattern across the frequency of interest while antenna Type-II and Type-III more alike to typical monopole radiation pattern, especially at the higher frequencies. Some may regard them as asymmetrical arm dipole where the longer arm may serve as bigger ground plane and have the additional mode. Antenna Type IV shows an interesting characteristic that has reduced null across most of the band except a very deep null at 3800 MHz. Antenna Type-IV has flat surface between the monopole edge and the ground plane edge at the feeding and it has offset monopole as well as offset feeding point. This contributes to the better radiation pattern characteristic and was part of the proposed design. Such a simple construction may have limited parameter to optimize for both good radiation pattern and VSWR simultaneously for the antenna. It is constraint by the gap between the monopole radiator and ground plane and the flat edge at the feed. introduced between the monopole radiating element and feeding edge of the ground plane. Slots S L2 , S W 2 , S L3 , and S W 3 are introduced into the monopole radiating element. The monopole has two-steps width R W 1 and R W 2 . The monopole radiator is fed with microstrip line M W 1 and M L2 which can ease the impedance matching for the antenna. The monopole inclines in parallel to the feeding edge of the ground plane inclination angle, θ. The monopole radiating element is fed from the right edge as feed position F p . Slots S W 1 , S L1 , and S P1 are located at the inclined feeding edge of the ground. With the introduction of various tunable parameters, the antenna has more design freedoms in considering both VSWR and improving the null of the radiation pattern at the same time. The antenna transmission line is terminated with a 355.8mm length pigtail coaxial cable which translated into about 300mm pigtail cable length, C_Length from the plastic stud. This cable length is typical for industry ceiling mount product. Table 2 summarized the antenna parameters. The housing and assembly features of the antenna are specifically designed for practical applications. The design consists of a plastic top housing, a plastic base plate with stud and a printed circuit board (PCB) fed with a cable assembly as shown in Fig. 6 . The dimension of the plastic housing is 180.3 mm x 117.2 mm × 7.6 mm. This thickness is ultralow profile compared to conventional standard antenna size of 185mm (dia.) × 86mm (H) as a finished product.
As the proposed antenna is an unbalanced dipole with pigtail cable, its performance will be affected slightly by the pigtail cable length. Therefore it is essential that the antenna is simulated with the exact length of the cable to have the result conform to the measurement result. 
C. EFFECT OF FEEDPOINT LOCATION AND INCLINATION ANGLE OF FEEDING EDGE OF GROUND PLANE
Like antenna type-IV, the feed point, F p from right edge plays an important role to reduce the null level of the radiation pattern especially for the frequency range 1550-3800 MHz. Fig. 7 shows the parametric studies on the effect of feed point location, F p . All other parameters were kept constant to the value shown in Table 2 . We noted that the return loss degraded when F p moved to the center and the optimum F p is 31.5mm. As there are parameters that are interdependent, the impedance of the antenna can be matched with various combinations between them. The inclination angle, θ of the feeding edge of the ground plane is one of the important factors that affect the radiation pattern. To give a better insight into the effect, two inclination angles of θ = 4.3 • and 47.3 • with other parameters optimized to match to the same desired operating frequency range. The radiation pattern of the azimuth plane is presented in Fig. 9 . We noted that the inclination angle, θ = 4.3 has deeper nulls or reduced gain compared to θ = 47.3 for the frequency range of 1690 to 1850 MHz. To match the antenna with the inclination angle, FIGURE 9. Radiation pattern effect by the similar proposed radiating elements on low inclination angle ground edge plane with some parameters change (F p = 41mm, S L3 =14mm, S L2 = 18 mm, gap1 = 1.5mm, G L1 = 100mm) to match the VSWR < 2:1 across the LTE Band. θ = 4.3, the feed point (F p ) was moved to the center that causes degradation of the radiation pattern in the mentioned frequency range. For inclination angle, θ = 47.3 other parameters S L3 , S L2 , Gap 1 , and G L1 are optimized accordingly. The optimized antenna with inclination θ = 47.3 demonstrated superior radiation pattern compared to antenna type IV for frequency range 2700-3800MHz.
D. EFFECT OF SLOTS AND GAPS
There are three slots introduced in the proposed antenna with one at the feeding edge of the ground plane and the other two at the monopole radiator. Fig. 10 and Fig. 11 show the parametric studies on the effect of slot length S L1 and position S LP at the feed ground plane edge on the return loss and impedance locus, respectively. Other parameters are kept constant. The return loss for the low-frequency range of 698-960MHz improves when the S L1 increases to 10mm where the impedance locus becomes less resistive and move to the center of the Smith chart. However, a drastic degradation in return loss in the 3500 MHz band is observed when the length increases from 5 mm to 10 mm. In addition, the resonance of 1350 MHz band shifted to a lower frequency. As the position S LP moves further away from the feed point, overall higher return loss was observed particularly for the frequency range of 3300-3800MHz. Fig. 13 show parametric studies on the effect of slot lengths S L2 and S L3 within the monopole radiator on return loss and impedance locus. Results show that the length of slot S L2 has a great impact on the return loss of high-frequency band (1350-3800 MHz) where the optimum length was S L2 =20mm. Fig. 12 (b) shows that the impedance locus shrinks as S L2 increases. Slot length S L3 is generally a less sensitive parameter but it is important for optimization of the 1350-1550 MHz frequency range. Therefore, S L3 complements S L2 to optimize 1350-1550 MHz frequency band. Fig. 14 and Fig. 15 show parametric studies on the effect of the gap between the right arm and the feeding edge of the ground plane, Gap 1 and the gap between the left arm and the feeding edge of the ground plane, Gap 2 on the return loss and impedance locus. All other parameters are kept constant. From Fig. 14, we noted that the return loss for frequency beyond 1700 MHz improves when Gap 1 reduces. As shown in Fig. 15 , Gap 2 has more impact on the frequency range of 698-1500 MHz where the return loss improves with the increase of Gap2. Impedance locus shows that wider Gap2 increases the inductance of the antenna in this frequency range that compensates the capacitance. Table 3 summarized the parametric studies on the return loss of the antenna.
E. PIGTAIL CABLE LENGTH EFFECT TO ANTENNA PERFORMANCE
VSWR and radiation pattern are investigated by simulating few pigtail cable lengths, C_length of the antenna. Fig. 16 shows pigtail cable length effect on to the simulated VSWR of the antenna. The result shows that the cable effect is more significant at the frequency range of 698-960 MHz and 1400-1500 MHz. However, the antenna still meets the VSWR<2:1 across the desired operating frequency range when the cable length is more than 155mm although there is some unbalanced current flow from the cable. The cable effect at the frequency range of 1.5-3.8 GHz is minimal. The simulated radiation pattern of varying the coaxial cable length, C_length of the antenna is shown in Fig. 17 . There is no significant variance of radiation pattern except that the null level variance is more significant at a certain angle for the frequency range of 698 MHz-960 MHz. 
F. LOW PIM CONSTRUCTION DESIGN CONSIDERATION
General rules of low PIM construction design focus on avoiding non-linear material or non-linear junction. Non-linear material includes ferromagnetic materials (iron, nickel, cobalt, alloys of magnesium with aluminium, etc.), ferrimagnetic materials (ferrites), dielectric material (alumina 99.7%, etc.). Non-linear junctions may be caused by loose galvanic contact, contaminated surfaces with metal flakes, dirt, dust, moisture or oxidation, rough surface finishing, etc. Based on these important rules, the design put this into design considerations that include dielectric laminates selection, PCB fabrication quality, cable assembly, housing design and antenna assembly process.
Low PIM rated laminate AD300C is selected for the proposed design. Although both substrate material and types of copper foil contribute to PIM performance, the smoothness of the copper foil has the greatest influence on PIM. Therefore, when a laminate is chosen, the smoother foil needs to be specified e.g. reverse treated copper electro-deposited (ED) foil. Effects of foil on PIM performance were investigated in [15] . The substrate material parameters including the dissipation factor, moisture absorption, etc. are factors to be considered too. Lossy material and higher moisture absorption for similar circuit may have higher PIM level. When a softer material like Teflon based substrate is chosen, we noted that high PIM level and inconsistency likely to occur at solder joint between cable assembly and the PCB. The reason was that any movement or pulling will likely to stress the solder joint that may cause microcracking of the solder joint and delamination of the copper foil. By adding proper ribs or plastic material around the solder joint to support, it would reduce the cable movement and stress of solder joint which subsequently minimizes additional PIM generation and inconsistency. This is proven by conducting a pull test on the antenna cable where the PIM is measured before and after the pull test. The PCB copper trace finishing selection may also affect PIM performance. Material such as nickel used in electroless-nickelimmersion-gold (ENIG) plating finishing produces poor PIM performance. Immersion tin is more PIM friendly compared to bare copper and can be used for solder pad that facilitates soldering. The copper layer was also treated with solder mask to protect the entire trace from contamination and exposure to air or humid. We noted that not all PCB fabricators are capable to produce high-quality low PIM PCB antenna. Fabricator needs to ensure that the etched copper trace is of good quality and uniform. In addition, all the processes need to include careful cleaning to eliminate the possibility of contamination. General guides on PCB selection and other built process are described in [16] , [17] . Another important feature of low PIM PCB design is that the solder pad dimension needs to be optimized with the right pull back dimension of the copper trace to facilitate a consistent and ease of soldering process, thus resulting in good wetting quality.
The cable assembly for the antenna needs to be built with care. The material used for the construction of semi-flexible RG402 and Type-N connector must be low PIM rated. To prepare the cable, it must have a clean-cut during the stripping process. Then the cable is terminated with N connector by using either resistance soldering or induction soldering depending on the connector design and plating composition. Cable crimping method must be avoided as it has a high risk of PIM generation. The PIM performance of the cable assembly must be verified to be below -160 dBc (with carrier input powers of 2 × 20 dBm) before soldered to the PCB.
The top housing was designed such that it can be assembled to the plastic baseplate directly without any metal fastener, with the PCB sandwiched in between them. It utilized the snap feature at the edge of both the plastic parts and plastic heat-staking to hold all the parts together easily. This eliminates any potential PIM source due to the metal fastener. The design of the antenna was very simple where the most important galvanic contact is the solder joint between the cable and the PCB. Although the solder pad dimension has been optimized, the soldering process needs to be performed with suitable soldering station with the optimum power rating, temperature, solder tip and right skill. After the soldering process, the solder joint need to be cleaned with solvent clean away any residue metallic particles/flakes, flux and burned mark. Based on observation, poor wetting resulting from improper soldering process can cause the rise of PIM level for all the bands. We noted that poor wetting at the edge of solder joint and contamination may result in the rise or inconsistency of PIM at higher frequency range. Another scenario that may cause the poor PIM level is when solder joint degrades due to multiple times of re-flows. Fig. 18 shows the photo of the prototype with translucent polycarbonate thermoplastic housing enclosing the PCB antenna and the bare PCB in both top and bottom view. Typical in-house PCB rapid prototyping facility using mechanical etching is not able to meet the quality needs for best PIM performance and the good alignment of Gap1 and Gap2. Therefore, production-quality PCB has been made by PCB fabricator to verify the performance of the antenna. . 19 shows the VSWR measurement setup using Copper Mountain Planar 804/1 Vector Network Analyzer (VNA) and the antenna is placed on a test fixture inside the 4'×4'×4' mini anechoic chamber with the pyramidal absorber. Fig. 20 shows the measured and simulated VSWR of the antenna. The result shows that the measurement correlates well with the simulation. However, the measured result shows some ripples due to the long cable and mismatch of the connector which was not included in the simulation model. The antenna meets VSWR <2:1 for the frequency ranges of 698-960MHz and 1350-3800MHz.
III. FABRICATION AND MEASUREMENT
The radiation pattern of the antenna was measured by using Satimo SG24 near-field 3D measurement system as shown in Fig. 21 . The measurement system consists of 23 probes arranged in a stargate form that measure the near-field radiation of the antenna and will then transformed into far-field result. Figure 22 shows the simulated and measured radiation patterns at various frequency points in the horizontal plane (Azimuth plane). The plot shows the simulated result correlates well with the measured result. For the sake of brevity, the elevation plane is not presented in this paper. The measured radiation pattern for the low-frequency band of (698-960 MHz) has a better null condition compared to the simulated result. This is a significantly improved radiation pattern compared to the conventional dipole antenna.
For the mid-frequency range of 1350-1550 MHz, the measured radiation pattern shows slightly deeper null and lower gain at certain angles compared to the simulated result. Fig. 23 (a) shows both measured and simulated peak gain of the antenna across the operating frequency range of interest. The simulated gain correlates well with the measurement result. Fig. 23 (b) depicts the measured and simulated total efficiency of the antenna. The measured total efficiency is typically lower than the simulated result but the average efficiency of 84% across the frequency range of interest.
As the antenna is designed with low PIM, the PIM measurement was performed with the measurement setup shown in Fig. 24 . The third order PIM level is measured with two tones of 20W frequency carrier excited into the antenna that placed in a 10' ×10' ×10' anechoic PIM chamber. The measurement was performed with commercial PIM analyzers, i.e. Kaelus iQA-700 HC and iQA-1920C that measure PIM for 700 MHz band and 1920 MHz band respectively. These two frequency bands are used to represent the PIM level of the low-frequency band and high-frequency band respectively. PIM measurement is based on the reverse measurement setup. The frequency sweep mode is used for the measurements. The measurement is set up for 7 s seconds of frequency sweep to ensure a consistent result achieved over the period. The inconsistent result may occur if soldering of the cable to the PCB was not performed well or the cable assembly was not properly assembled. For the 700 MHz band, the transmitted frequency carriers sweep between 728 MHz to 757 MHz where Table 3 shows the summary comparison of the proposed antenna and other designs. The discussed works [6] - [10] are arrays that achieved good omnidirectionality in horizontal polarization but may have a large size when considering the frequency of 698 MHz. Dipoles in [11] - [13] represent different types of dipole may have deep null at azimuth plane when placed horizontally as expected. None of this work considers pigtail application and the design have not considered the cable effect that may have a higher discrepancy of the radiation pattern. As noted, these antennas do not include any balun design. The proposed design visually seem to be simple and common but the detail characterization shows improved radiation pattern from deep null of the elevation plane dipole radiation pattern placed in the horizontal plane. The design has better VSWR (not merely <2:1) to enable the performance maintained with <2:1 when there is any detuning effect to the antenna. Besides that, the proposed antenna has considered the low PIM construction in design to have consistent performance in mass production.
IV. CEILING TILE AND FRAME EFFECT
As the proposed was designed based on the asymmetrical dipole, the application will be limited to the mineral and fiberfilled ceiling material. Any metal-backed ceiling or metal ceiling will detune the antenna significantly. In order to verify the effect of this mineral and fiber filed material, the antenna was placed on top of 600mm × 600mm × 15mm standard acoustic tile for measurement. As limited by the size of the antenna under test in the available chamber, 600mm × 600mm × 15mm standard acoustic tile is chosen for the measurement instead of the common 600mm × 1200mm × 15mm ceiling tiles. In addition to the ceiling tiles effect, the frame of three sides of the edge that represents half of the 600mm × 1200mm × 15mm ceiling tile installation was measured as well. Fig. 26 shows the comparison of measured VSWR of the antenna on (a) free space, (b) acoustic ceiling tile and (c) acoustic ceiling tile with frame. The result depicts minimal effect on the VSWR. However, the result may be different from those ceiling tiles with different density, thickness, and hardness. Therefore, the impact can be still minimal as the proposed design elevated the PCB that does not have direct dielectric-loaded due to the ceiling tile. The radiation pattern was also measured on these configurations and shown in Fig. 27 . It is observed that the material has minimal impact. However, we can observe more ripple to the radiation pattern for the frequency range from 824 MHz to 1850 MHz.when the antenna measured with acoustic ceiling tiles with frame 
V. CONCLUSION
Investigation of dipole and monopole of type-I to type-IV was presented. Type-IV which uses simple offset fed rectangular monopole and offset feeding location at the ground plane gives reduced null (oriented horizontally) at most of the frequencies compared to other dipoles/monopoles types. To further improve the design, a novel design based on asymmetrical dipole that has offset fed monopole radiating element with offset feeding location on an inclined feeding edge of a ground plane was presented. These give more design freedoms that offer a good compromise between the VSWR and the reduced null radiation pattern at the azimuth plane. To validate the performance, a prototype was fabricated with production-ready quality to ensure the best achievable PIM performance. The comparison between the simulated and measured results for VSWR and radiation pattern was presented. The simulation results correlate well to the measurement results. The proposed design shows dualwideband characteristic with achievable bandwidth of 31.6% with respect to the center frequency of 829MHz and 95.1% with respect to the center frequency of 2575MHz covering most of the LTE range. The radiation pattern of the proposed design offers reduced null in the Azimuth plane across the frequency range of interest compared to the conventional dipole design. This perspective is considered as a new class of ceiling type antenna that partially compensates the weakness of the radiation pattern of a horizontally oriented dipole to achieve ultralow profile feature flushing to the ceiling. In addition, the third-order PIM level with carrier inputs of 2 ×.20W was measured and meet the typical DAS PIM requirement of <-150 dBc with the levels of −158.9 dBc and −153.5 dBc achieved for 700 MHz band and 1920 MHz band respectively. The ceiling material and frame effect on the VSWR and radiation pattern were presented too.
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